Microcosms capable of reductive dechlorination of polychlorinated dibenzo-p-dioxins/dibenzofurans (PCDD/Fs) were constructed in glass bottles by seeding them with a polluted river sediment and incubating them anaerobically with an organic medium. All of the PCDD/F congeners detected were equally reduced without the accumulation of significant amounts of less-chlorinated congeners as the intermediate or end products. Alternatively, large amounts of catechol and salicylic acid were produced in the upper aqueous phase. Thus, the dechlorination of PCDD/Fs and the oxidative degradation of the dechlorinated products seemed to take place simultaneously in the microcosm. Denaturing gel gradient electrophoresis and clone library analyses of PCR-amplified 16S rRNA genes from the microcosm showed that members of the phyla Firmicutes, Proteobacteria, and Bacteroidetes predominated. A significant number of Chloroflexi clones were also detected. Quantitative real-time PCR with specific primer sets showed that the 16S rRNA genes of a putative dechlorinator, "Dehalococcoides," and its relatives accounted for 0.1% of the total rRNA gene copies of the microcosm. Most of the clones thus obtained formed a cluster distinct from the typical "Dehalococcoides" group. Quinone profiling indicated that ubiquinones accounted for 18 to 25% of the total quinone content, suggesting the coexistence and activity of ubiquinone-containing aerobic bacteria. These results suggest that the apparent complete dechlorination of PCDD/Fs found in the microcosm was due to a combination of the dechlorinating activity of the "Dehalococcoides"-like organisms and the oxidative degradation of the dechlorinated products by aerobic bacteria with aromatic hydrocarbon dioxygenases.
Remediation of environmental contamination with toxic chemicals, including polychlorinated dibenzo-p-dioxins (DD)/ dibenzofurans (PCDD/Fs) and polychlorinated biphenyls (PCBs), is one of the most challenging problems in environmental science and technology. Biodegradation and biotransformation of PCDD/Fs by microorganisms have received extensive study in connection with their potential utilization in bioremediation of polluted environments. Fundamental data on the mechanism of microbial dioxin degradation, as well as on the biodiversity of dioxin-degrading microorganisms, has been accumulated, in particular during the past decade (for reviews, see references 8, 35, 56, and 69) . The available information indicates that the ring structures of dibenzo-p-dioxin, dibenzofuran (DF), and related compounds are degraded by aerobic bacteria containing aromatic hydrocarbon dioxygenases having broad substrate specificity. In addition to this type of biodegradation, at least two other modes of dioxin biotransformation have so far been recognized: reductive dechlorination by anaerobic microorganisms and fungal degradation with lignin peroxidase or laccase.
Microbial reductive dechlorination of PCDD/Fs has increasingly attracted attention, because this activity may work against highly chlorinated congeners hardly attacked by aromatic hydrocarbon dioxygenases, and it is possibly the initial step of the transformation of the polychlorinated pollutants in the environment. The biological significance and potential for biotechnological applications of microbial reductive dehalogenation and dehalorespiration have been well reviewed (31, 40, 41, 53) . Reductive dechlorination of PCDD/Fs has been demonstrated in anaerobic mixed cultures from polluted sediments, sludge, and soils (1-3, 9, 10-12, 15, 27, 28, 36, 45, 65) .
Recent noteworthy findings are that the strictly anaerobic bacteria designated "Dehalococcoides" sp. strain CBDB1 and "Dehalococcoides ethenogenes" strain 195, which were initially reported to dechlorinate chlorobenzene (4) and chloroethene (52) , respectively, have also been shown to be able to dechlorinate selected PCDD/F congeners (16, 25) . Members of the "Dehalococcoides" group were reported to be putative dechlorinators in anaerobic enrichment cultures capable of dechlorinating a tetrachlorinated congener of PCBs (18, 71) , chlorobenzene (70) , and trichlorodibenzo-p-dioxin (10) . To date, only scattered reports are available on the physiology and ecology of "Dehalococcoides," and its taxonomic name does not yet have standing in nomenclature. Nevertheless, the detection of 16S rRNA gene sequences affiliated with "Dehalococcoides" and its relatives in polluted environments and dechlorinating enrichment cultures (20, 22, 24, 30, 32, 33, 42, 46, 50, 51, 57, 63) indicates that members of the "Dehalococcoides" group are widely distributed in nature and play major roles in the transformation of environmental organohalide pollutants.
The microbial-community analysis of PCDD/F-transforming environments is of primary importance not only for a comprehensive understanding of pollution microbial ecology but also for bioremediation purposes. However, the study of this subject has just begun (10, 28) , and much less information is available on the significance and population dynamics of the "Dehalococcoides" group in PCDD/F-contaminated environments than in those polluted with aliphatic chlorinated compounds. In this study, a microbial community capable of de-chlorinating PCDD/Fs was studied by using laboratory scale microcosms. The microbial community was characterized by rRNA gene sequence-based culture-independent methods, including PCR cloning and sequencing of environmental clones, denaturing gel gradient electrophoresis (DGGE), real-time PCR, and fluorescence in situ hybridization. Quinone profiling, a lipid biomarker approach to community analysis, was performed in addition.
MATERIALS AND METHODS
Samples and microcosm construction. Sediment samples were taken from a highly PCDD/F-polluted river in Japan. The concentrations of PCDD/Fs detected in these samples were 1.8 to 3.3 nmol g Ϫ1 (dry weight) (920 to 1,800 pg TEQ [toxic equivalent] g Ϫ1 ). The samples were collected in polyethylene bottles and stored at 10°C for several weeks before being tested. Just before use, the samples had a moisture content of 64% and a pH of 6.2. For preliminary microcosm studies, one of the sediment samples (50 g [wet weight] each) was introduced into several screw-cap glass bottles (120-ml capacity), which were then filled with a culture medium designated OAM-1. The composition of OAM-1 medium was as follows (per liter): 0.5 g of NH 4 Cl; 0.5 g of KH 2 PO 4 ; 0.2 g of NaCl; 0.2 g of MgCl 2 · 6H 2 O; 0.05 g of CaCl 2 · 2H 2 O; 1 ml of trace element solution SL8 (13); 1 ml of vitamin mixture PV1 (39); 100 ml of an organic acid mixture containing 10 mM each of acetate, benzoate, butyrate, formate, and pyruvate; and 900 ml of distilled water. The pH of the medium was adjusted to 7.0. Some bottles were purged with 100% N 2 gas or H 2 plus CO 2 (1:1 [vol/vol]) to ensure anoxic conditions. To examine the effects of growth inhibitors, microcosms supplemented with either 0.1% paraformaldehyde, 0.01% chloramphenicol, 10 mM bromoethanesulfonate (BES), or 10 mM molybdate were also prepared. For the control test, the microcosms were filled with the mineral base of OAM-1 medium or distilled water in place of OAM-1 medium. All glass bottles were tightly sealed and settled at 25°C in darkness for 5 to 6 months. Every 4 weeks of incubation, sampling was performed, and the supernatant of the microcosm was replaced with fresh medium and mixed completely. The sediment slurry and supernatant samples collected were stored separately at Ϫ20°C until they were analyzed. For a long-term microcosm experiment, larger screw-cap glass bottles (660-ml capacity) were used. The bottles were seeded with 230 g of sediment, filled with OAM-1 medium, and incubated at 25°C for more than 1 year. Sampling and medium supplementation were performed as described for the smaller-scale microcosms.
Analyses of dioxins and relatives and abbreviations for congeners. Dioxins were extracted from microcosm samples by the Soxhlet method, fractionated by multiphase column chromatography and alumina column chromatography, and analyzed by gas-liquid chromatography-mass spectrometry as described previously (36) . Gas-liquid chromatography-mass spectrometry analyses were performed by Sinto Environmental Measurement Center, Shintokogyo, Ltd. (Toyokawa, Japan). PCDD/F concentrations (as TEQ levels) were calculated based on the toxicity equivalent factors for different congeners redefined by the World Health Organization. In this study, mono-, di-, tri-, tetra-, penta-, hexa-, hepta-, and octachlorinated DD/DF congeners are abbreviated MoCDD/Fs, DiCDD/Fs, TrCDD/Fs, TCDD/Fs, PeCDD/Fs, HxCDD/Fs, HeCDD/Fs, and OCDD/Fs, respectively. PCDD/Fs denote tetra-to octachlorinated congeners of DD and DF, whereas the term 1-3CDD/Fs is used to indicate all congeners of MoCDD/Fs, DiCDD/Fs, and TrCDD/Fs. Aromatic compounds in the aqueous phase, including DD, DF, catechol, and salicylic acid, were extracted with ethyl acetate, concentrated under reduced pressure, and measured by reverse-phase high-performance liquid chromatography with external standards. The apparatus used was a Shimadzu model LC10A liquid chromatograph equipped with a Zorbax ODS column (4.6 by 250 mm) and a Shimadzu photodiode array detector. Samples were eluted with 100% methanol for DD and DF and 80% methanol for catechol and salicylic acid at a flow rate of 1 ml min Ϫ1 and monitored at 280 nm.
Epifluorescence microscopy. For direct cell counting, sediment samples were sonicated and diluted with phosphate-buffered saline as described previously (55) . Direct total counts of bacteria were measured by epifluorescence microscopy with ethidium bromide (EtBr) staining (58) with minor modifications (55) . Fluorescence in situ hybridization (FISH) was performed according to the protocols described previously (7, 19) . For this, the Cy3-labeled oligonucleotide probes EUB338 mix and ARC195, specific for the domains Bacteria and Archaea, respectively, and NONEUB for the negative control, were used. Hybridized specimens were counterstained with SYBR GREEN II (Molecular Probes, Eugene, OR). The stained cells were observed under an Olympus BX-50 epifluorescence microscope equipped with a Flovel model FD-120 digital charge-coupled device camera (Flovel Co., Tokyo, Japan). The microscopic images were analyzed with the WINROOF program (Flovel); 20 fields per sample and a total of 1,000 to 2,000 stained cells per sample were taken for counting.
Quinone analysis. Microbial quinones from the sediment samples were extracted with an organic solvent mixture and fractionated into the menaquinone and ubiquinone fractions using Sep-Pak Vac silica gel cartridges (Waters, Milford, MA). The quinone components of each fraction were separated for identification and quantification by reverse-phase high-performance liquid chromatography and photodiode array and mass spectrometry detection with external standards. Detailed information on these analytical procedures has been given in previous studies (37, 38, 44) . Ubiquinones and menaquinones with n isoprene units in their side chains are abbreviated as Q-n and MK-n, respectively. Partially hydrogenated menaquinones are expressed as MK-n(H x ), where x indicates the number of hydrogen atoms saturating the side chain.
DNA extraction and purification. Bulk DNA was extracted from microcosm samples according to the protocol of Zhou et al. (72) with some modifications. One gram (wet weight) of the sediment pellet was suspended in 1 ml of extraction buffer (pH 7.0) containing 5 mM phosphate, 30 mM ammonium acetate, 4% yeast RNA, and 0.1% skim milk. This suspension was sonicated on ice for 20 s with 2-s intermittent bursts (20 kHz; output power, 10 W). The suspension was treated with lysozyme (80 mg ml Ϫ1 ) at 37°C for 30 min with gentle shaking and further incubated at 65°C for 30 min in the presence of 2.5% sodium dodecyl sulfate. Then, the sample was treated by being frozen at Ϫ80°C for 30 min and thawed at 65°C for 5 min. This freeze-thaw lysis procedure was repeated three times. The treated sample was centrifuged at 12,600 ϫ g for 10 min to save the supernatant. Humic substances and cellular proteins in the supernatant were precipitated by adding 1% hexadecylmethylammonium bromide and removed by centrifugation (12,600 ϫ g; 10 min). Crude DNA was precipitated by the addition of 0.8 volume of isopropanol and settling at room temperature for 2 h, collected by centrifugation, and resuspended in 500 l TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). DNA was further purified by a standard method including deproteinization with phenol-chloroform-isoamyl alcohol and RNase treatment (59) . The DNA solution thus obtained was diluted as needed and used for PCR experiments.
PCR-DGGE. 16S rRNA gene fragments that corresponded to positions 341 to 537 in Escherichia coli numbering (14) were amplified with forward primer 357f (5Ј-CCTACGGGAGGCAGCAG-3Ј) with a GC clamp on the 5Ј terminus and reverse primer 517r (5Ј-ATTACCGCGGCTGCTGG-3Ј) as described previously (54) . The reaction mixture contained 50 ng of the purified DNA as the template, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 1 M (each) of the primers, 2 ng of bovine serum albumin, and 5 units of Taq DNA polymerase in a total volume of 100 l. PCR was performed by preheating the mixture at 94°C for 2 min, followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1.5 min. DGGE was performed according to the standard protocol (54) using the Bio-Rad Dcode system (BioRad Laboratories, Hercules, CA). The denaturing gradient gel was prepared to contain 0.5ϫ TAE buffer (20 mM Tris, 10 mM acetate, 0.5 mM Na 2 -EDTA, pH 8.0), 6% acrylamido-bis-acrylamide, and 40 to 60% denaturant (100% denaturant contains 7 M urea and 40% formamide). Electrophoresis was performed at 200 V for 3 h in 0.5ϫ TAE buffer at 61°C. PCR products separated on the gel were stained with EtBr for 30 min and then photographed under illumination by UV light. Major DGGE fragments were cut from the gel, purified using a GENECLEAN Spin kit (Bio 101, Vista, CA), and subcloned with a pTBlue Perfectly Blunt cloning kit (Novagen, Madison, WI). Transformation of E. coli competent cells was carried out according to a standard manual of molecular cloning (61) . Plasmid DNA was isolated and purified by using the Wizard Plus Minipreps DNA Purification System (Promega Inc., Madison, WI) according to the manufacturer's instructions.
16S rRNA gene clone library construction. 16S rRNA gene fragments from the DNA purified from microcosms were PCR amplified with a pair of bacterial consensus primers, 27f and 1492r (68) . The components of the reaction mixture other than PCR primers were the same as described above. The cycle profile consisted of preheating at 95°C for 2 min and 30 cycles of denaturation at 95°C for 1 min, annealing at 50°C for 1 min, and extension at 72°C for 1.5 min; the final step was followed by postextension for 5 min. The PCR products were separated by agarose gel electrophoresis, purified, and then subcloned as described above.
Sequencing and phylogenetic analysis. Cloned 16S rRNA genes were sequenced with a SequiTherm Long Read cycle-sequencing kit (Epicentre Technologies, Madison, WI) and analyzed with a Pharmacia ALFexpress DNA sequencer. Sequence data were compiled by the GENETYX-MAC program (Software Development Co., Tokyo, Japan), analyzed for chimera detection with the CHIMERA_CHECK program version 2.7, and compared with those retrieved from the Ribosomal Database Project II (17) . Multiple alignment of sequences and calculation of the nucleotide substitution rate (K nuc ) by Kimura's two-parameter model (47) were performed using the CLUSTAL W program (64) . Distance matrix trees were constructed by the neighbor-joining method (60) , and the topology of the trees was evaluated by bootstrapping with 1,000 resamplings (23) . Alignment positions with gaps were excluded from the calculations.
Real-time PCR. For quantitative detection of the "Dehalococcoides" group, two pairs of PCR primers were designed by using unique sequences of consensus variable regions in the "Dehalococcoides" 16S rRNA gene (GenBank accession numbers AF004928 and AF230641). One primer set was a combination of forward primer DHC793f (5Ј-GGGAGTATCGACCCTCTCTG-3Ј) and reverse primer DHC946r (5Ј-CGTTYCCCTTTCRGTTCACT-3Ј), which corresponded to positions 774 to 793 and 946 to 965 of the E. coli rRNA and which were modifications of primers DHC 774 and DHC 946, respectively, designed previously for the detection of "Dehalococcoides" (33) . The other set consisted of forward primer DHC66f (5Ј-GGTCTTAAGCAATTAAGATAGTG-3Ј) and reverse primer DHC180r (5Ј-CACCAAGCRCCTTRCGGC-3Ј). Also, the bacterial universal primers 357f and 517r noted above were used for comparative amplification of total bacterial 16S rRNA genes. The specificities of all these primers were checked with the PROBE-MATCH program of the Ribosomal Database Project (17) and the BLAST program (6). They were also confirmed by the observation that all PCR experiments gave a single prominent band of an expected size upon agarose gel electrophoresis, except that PCR with primers DHC66f and DHC180r produced an additional weaker band in some cases. All real-time PCR assays were performed by the nested-PCR method, in which bacterial 16S rRNA genes amplified with universal primers 27f and 1492r from the microcosm DNA were used as the template. The reaction was performed using a LightCycler FastStart DNA Master SYBR GREEN I kit (Roche Molecular Biochemicals, Indianapolis, IN) and a LightCycler system (Roche Diagnostics, Mannheim, Germany) according to the manufacturers' instructions. The PCR profile consisted of preheating at 95°C for 10 min and 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 10 s, and extension at 72°C for 20 s. The fluorescence signal was detected at 72°C at each cycle, and a melting curve was obtained by heating the product to 95°C and cooling it to 40°C. Calibration curves (log DNA concentration versus an arbitrarily set cycle threshold value) for the estimation of the total bacterial and "Dehalococcoides" rRNA genes were made by using serial dilutions of PCR-amplified products of the E. coli 16S rRNA gene and a "Dehalococcoides" clone, TDHC7-12, 16S rRNA gene (see Fig. 5a ) of known concentration, respectively. The copy numbers of the amplified products were calculated using LightCycler software version 3.5 (Roche Diagnostics, Mannheim, Germany).
Nucleotide sequence accession numbers. The nucleotide sequence data reported in this paper have been deposited under DDBJ accession numbers AB186751 to AB186774, AB186776 to AB186857, AB186860 to AB186895, AB187503 to AB188321, AB198668, and AB198669.
RESULTS

Preliminary microcosm studies.
Preliminary studies were performed to determine environmental factors affecting the dechlorination of PCDD/Fs in the microcosm. The glass bottles packed with a sediment sample and supplemented with different additives were incubated for 5 months, and the total amount of PCDD/Fs remaining was measured (Table 1) . A significant decrease in PCDD/F concentrations was found only when the organic acid mixture, OAM-1 medium, was supplemented. Maintaining anoxic conditions by purging N 2 or H 2 plus CO 2 had little effect on the reduction of PCDD/Fs. The addition of paraformaldehyde or chloramphenicol exerted inhibitory effects on PCDD/F reduction, whereas BES, a potent inhibitor of methanogenesis, had a minor effect. Molybdate had a moderately inhibitory effect on PCDD/F reduction. These observations suggested that the decrease in PCDD/F concentrations was due to the dechlorinating activity of a microbial consortium requiring organic compounds as the source of reducing power, in which members of the domain Bacteria were mainly involved.
To study the effects of the incubation temperature on PCDD/F reduction in the microcosm, the glass bottles packed with the sediment slurry and supplemented periodically with OAM-1 medium were incubated for 5 months at different temperatures ranging from 10 to 55°C. The reduction of PCDD/Fs was most remarkable at 25 to 37°C and much lower at higher and lower temperatures (data not shown). This observation indicates that the microbial consortium capable of PCDD/F reduction favored mesophilic conditions.
The release of PCDD/Fs and lower chlorinated congeners from the sediment into the upper aqueous phase in the microcosms noted above was checked every time the supernatant was exchanged for fresh medium. In any case, the concentrations of all dioxin congeners in the supernatant were less than 0.01% of those in the sediment on a molar basis (data not shown). Thus, the carryover of dioxin congeners by discarding the supernatant was negligible.
Long-term microcosm study. Based on the foregoing results, we performed a long-term experiment with a laboratory microcosm which was periodically supplemented with OAM-1 medium and incubated at 25°C for more than 1 year. During 2 months of the startup period, the microcosm turned black with a strong odor of sulfide, indicating the activity of sulfate-reducing bacteria. The black color and sulfide odor disappeared gradually with time. The pH of the microcosm was lowered to 5.0 to 6.0 in every batch cycle of nutrient supplementation during the initial 2 months of incubation and became almost neutral thereafter.
Changes in the concentrations of PCDD/Fs and 1-3CDD/Fs in the microcosm during 1 year of incubation are shown in Fig.  1a . After a lag time of a few weeks, the total concentration and TEQ level of PCDD/Fs in the sediment decreased during the overall period of incubation. The decrease rate was relatively fast at the beginning and weakened gradually with time, resulting in a reduction of 49% of the initial concentration on day 360. By assuming that the decrease took place logarithmically, as expressed by a regression equation (Fig. 1a) , the half-reduc- (Fig. 1a) . On day 360, the less-chlorinated congeners were produced in the following order: MoCDFs (35% of the total 1-3CDD/F content) Ͼ TrCDDFs (26%) Ͼ DiCDFs (16%) Ͼ DiCDDs (15%) Ͼ TrCDDs (9%). The total amount of PCDD/Fs and less-chlorinated congeners in the aqueous phase detected at each sampling time was negligible, as noted above (less than 0.01% of that in the sediment). On the other hand, each aqueous sample contained much larger amounts of catechol and salicylic acid (Fig. 1b) . The cumulative amounts of catechol and salicylic acid produced from the microcosm were 3.6 and 0.49 nmol liter Ϫ1 , respectively, on day 360. The total amount of these products corresponds to 3.5% of the PCDD/Fs removed on a molar basis. Thus, it is likely that the reductive dechlorination of PCDD/Fs and the oxidative degradation of the dechlorinated products took place simultaneously in the microcosm. DGGE analysis. The microbial succession in the microcosm noted above was monitored by PCR-DGGE profiling. The DGGE analysis showed a drastic change in microbial community structure during the startup acclimation (Fig. 2) . Namely, the DGGE pattern changed during the first 1 month of incubation and became stable after 2 months of incubation. This change seemed to take place along with the changes in the pH and appearance of the microcosm noted above. In view of these collective data, the microbial community in the microcosm steadied after 2 months of incubation.
Twelve major DGGE products shown in Fig. 2 were purified and sequenced. These DGGE clones were assigned to members of the phyla Bacteroidetes, Firmicutes, Proteobacteria, and Spirochaetes (Table 2) . Interestingly, most of the major DGGE clones were most similar to uncultured clones obtained previously from dechlorinating microbial consortia or polluted environments containing chlorobenzene and dichloropropane.
Clone library analysis. Two 16S rRNA gene clone libraries were constructed from the microcosm on days 140 and 300. All of the 16S rRNA gene clones thus obtained were sequenced over 1,400 bp and assigned to members of 10 established phyla and one unnamed phylum (OP11 division) of the domain Bacteria (Table 3 ). There seemed to be no fundamental differences in the phylogenetic compositions of the two clone libraries. Nevertheless, the detection frequencies of different phyla were somewhat different between the two. In the library constructed from the 140-day-old microcosm, clones belonging to the phylum Firmicutes predominated (38%) and Bacteroidetes was the second most abundant group. Some classes of the phylum Proteobacteria, such as Betaproteobacteria and Deltaproteobacteria, also occurred in significant proportions. This result agreed fairly well with that of the DGGE analysis noted above. On the other hand, clones in the 300-day-old microcosm were more widely distributed among several phylogenetic groups, including Bacteroidetes, Betaproteobacteria, Chloroflexi, and Firmicutes.
A phylogenetic tree of the 16S rRNA gene clones detected and their relatives retrieved from the databases is shown in Fig.  3 . It was noteworthy that a number of the clones belonging to 
FIG. 2. Changes in DGGE patterns of PCR-amplified 16S
rRNA gene fragments during the startup operation of the microcosm. The DGGE bands designated A to H were purified and subjected to sequence analysis (see Table 2 ). Table 2 . No clones assignable to the "Dehalococcoides" group were detected, and the Chloroflexi clones obtained had only 74.9 to 86.8% similarities to this group. Population dynamics and diversity of the "Dehalococcoides" group. The population dynamics of the "Dehalococcoides" group as a putative dechlorinator in the microcosm were monitored by quantitative real-time PCR. Changes in total bacterial counts and the proportion of the "Dehalococcoides" 16S rRNA gene to the total rRNA gene content of the microcosm are shown in Fig. 4 . The total count in the microcosm as measured by EtBr staining changed from 1.3 ϫ 10 8 Ϯ 0.1 ϫ 10 8 to 6.3 ϫ 10 9 Ϯ 3.6 ϫ 10 9 cells g Ϫ1 (wet weight) of sediment during the first 3 months of incubation. Thereafter, the total population remained constant at an order of magnitude of 10 10 cells g Ϫ1 (wet weight) (Fig. 4a) . The proportion of the "Dehalococcoides" rRNA gene to the total bacterial rRNA gene content remained relatively unchanged during the period of incubation, accounting for approximately 0.1% of the total content (Fig. 4b) . By assuming that the copy number of the rRNA gene per genome in "Dehalococcoides" was 1 (from the "D. ethenogenes" sequence in the database) versus the average copy number in bacteria of 3.8 (26) , the proportion of the "Dehalococcoides" population to the total population in the microcosm was estimated to range from 0.2 to 0.5% (Fig. 4a) , corresponding to a population range of 8.0 ϫ 10 7 to 1.1 ϫ 10 8 cells g Ϫ1 (wet weight) of sediment in the steady state. To confirm whether the sequences detected by the real-time PCR method were actually derived from the "Dehalococcoides" group, the PCR products were subcloned, sequenced, and phylogenetically analyzed. The clones detected with a primer set of DHC793f and DHC946r showed similarity levels of 90.6 to 95.3% to "Dehalococcoides" sp. strain CBDB1 and "D. ethenogenes" strain 195 and fell into three major clusters (Fig. 5a) . One of the clones formed a cluster with the uncultured bacterium DF-1, known as a putative PCB dechlorinator (70) (Fig. 5a ). To check whether such diverse groups of the putative dechlorinators existed in the microcosm, an additional real-time PCR assay was performed with another primer set, DHC66f and DHC180r. This PCR assay gave similar results, and the clones obtained were also divided into the three major groups, giving a similar topography of the phylogenetic tree (Fig. 5b) .
FISH and quinone profiling. The microbial community in the microcosm under steady state (on days 300 to 400) was further studied by FISH and quinone profiling. The populations stained with probes EUB338 mix and ARC915 accounted for 60.4 Ϯ 9.8% and 8.5 Ϯ 0.5% of the total count, indicating that members of the domain Bacteria occurred in much larger populations than those of Archaea. Respiratory quinones were detected at a concentration of 6.0 to 9.8 nmol g Ϫ1 (wet weight) of sediment. A previous report showed that 1 nmol of total respiratory quinones corresponds to 2.5 ϫ 10 9 cells of respiratory bacteria (34) . If this relationship is taken into account, it can be estimated that the microcosm contained 1.5 ϫ 10 10 to 2.5 ϫ 10 10 cells of respiratory bacteria per g (wet weight). This on September 7, 2017 by guest http://aem.asm.org/ range of respiratory bacterial populations corresponded to 38 to 84% of the total population as measured by epifluorescence microscopy. Interestingly, the high-redox-potential quinones, ubiquinones, accounted for 15 to 21 mol% of the total quinone content, with Q-8 predominating (11 to 15%) and Q-10 as the second most abundant component (3.1 to 3.7%). The major components of the remainder (Ͼ5 mol%) were menaquinone species, MK-7 (18 to 21%), MK-6 (12 to 14%), MK-9(H 2 ) (7.7 to 9.4%), MK-8(H 2 ) (6.5 to 8.2%), and MK-7(H 2 ) (5.5 to 6.1%).
DISCUSSION
As reported here, a PCDD/F-dechlorinating microcosm that exhibited an apparent half-reduction rate of 14 months was successfully constructed. One of the most striking observations in this microcosm is that PCDD/Fs were totally dechlorinated without the accumulation of significant amounts of 1-3CDD/Fs as the intermediate or end products. Thus, the complete dechlorination of PCDD/Fs seemingly took place in the microcosm. This observation contrasts with those in previous studies of dechlorinating microbial consortia, in which PCDD/Fs decreased with the significant accumulation of less-chlorinated DD and DF (1, 9, 11, 12, 15, 65) . The discrepancy between the previous results and ours might be due to differences in the conditions used for dechlorination. The previous studies demonstrated the reductive dechlorination of PCDD/Fs under strictly anaerobic conditions that were achieved by purging an anoxic gas, such as nitrogen or carbon dioxide. On the other hand, the anaerobiosis of our microcosm was made only by filling up the bottles with the medium, with the chance of having a small atmospheric headspace in every exchange of supernatant for fresh medium, and thus, of allowing growth of aerobic dioxin-transforming bacteria. In fact, catechol and salicylate, which are the oxidatively degraded products of DD and DF, respectively (35, 69) , accumulated in the microcosm. Although there is a possibility that the catechol and salicylate were produced from the added benzoate and other sources (e.g., humic acid), it is reasonable to consider the involvement of dioxin-oxidizing bacteria with aromatic hydrocarbon dioxygenases. Therefore, it is most likely that the apparent complete dechlorination of PCDD/Fs in our microcosm was due to a combination of the reductive dechlorination of PCDD/Fs and the oxidative degradation of the dechlorinated products. However, there remains another possibility, that PCDD/F is completely transformed into nonchlorinated products by a single organism prior to oxidative degradation by others, although such a biological process has not yet been demonstrated. A question of whether abiotic reductive dechlorination of PCDD/Fs (2, 49) is involved should also be clarified by further study.
The results of FISH probing indicate that members of the domain Bacteria predominated but that those of the domain Archaea were much less significant in our microcosm. PCR-DGGE and clone library analyses of the bacterial community revealed that members of the phyla Bacteroidetes, Chloroflexi, Firmicutes, and Proteobacteria were the major constituents of the total population at steady state. This community structure is similar to those found previously in a chlorinated-solventcontaminated aquifer (21) and in microbial consortia capable of reductive dechlorination of 1,2-dichloropropane (62), trichlorobenzene (5, 67), TCDD (10), and PCB (42, 48) . Nearly half of the clones detected in our microcosm were most closely related to the uncultured bacterial clones obtained from organohalide-polluted freshwater environments (5, 21, 62, 67) . Schlötelburg et al. (62) reported that 16S rRNA gene clones found in a 1,2-dichloropropane-dechlorinating microcosm with river sediment as the seed were phylogenetically similar to inhabitants in other reductively dechlorinating freshwater consortia but not in marine dechlorinating consortia. In view of these previous data and ours, it is likely that reductively dechlorinating microbial communities in freshwater environments have similar phylogenetic structures irrespective of the kinds of organic chlorinated compounds acting as electron acceptors for dehalorespiration. A characteristic feature of the microbial community in our microcosm was the presence of possibly aerobic bacteria affiliated with Alpha-, Beta-, and Gammaproteobacteria, as shown by the clone library analysis. This is supported by the detection of a significant amount of ubiquinones, which are the highredox-potential respiratory quinones specific to those classes of Proteobacteria among prokaryotes (34) . Also, the detection of partially hydrogenated menaquinones suggests the presence of aerobic bacteria belonging to Actinobacteria (34) , although the clone library produced only a few clones affiliated with this phylum. As mentioned above, aerobic bacteria of the abovementioned phyla are probably responsible for the oxidative degradation of dechlorinated products in the microcosm. We have isolated a number of DF-degrading aerobic bacteria from the microcosm, as well as from PCDD/F-polluted soil exhibiting dechlorinating activity (29, 36) . Detailed information about the population level and the functional and taxonomic characteristics of aerobic DF-degrading bacteria in the dechlorinating microcosm will be reported elsewhere. The detection of the "Dehalococcoides" group in the microcosm, as well as in the river sediment used as the seed, supports the previous supposition (33) that this group of bacteria is distributed worldwide in organohalide-polluted environments. A previous study showed that "Dehalococcoides ethenogenes" strain 195 grew up to 10 9 cells ml Ϫ1 by dehalorespiration with 5 to 7 mM tetrachloroethene (52) . Also, "Dehalococcoides" sp. strain CBDB1 was shown to grow up to 10 6 cells ml Ϫ1 by complete dechlorination of 15 M 1,2,3-trichlorobenzene (4). In the present study, similar levels of the "Dehalococcoides" population (10 7 to 10 8 cells g Ϫ1 [wet weight]) were detected in the microcosm in the steady state. These levels of the "Dehalococcoides" population were much lower than the coexisting total population but seem to be reasonable because the concentrations of PCDD/Fs in the microcosm usable as the terminal electron acceptor for dehalorespiration were low (1 to 3 nmol g Ϫ1 [dry weight]). Therefore, this group of bacteria might actually be responsible for the dechlorination of PCDD/Fs in the microcosm. The detection of "Dehalococcoides" genes coding for different types of dehalogenases (43, 66) and their expression in the microcosm would provide more direct evidence for the involvement of the organism in dechlorination. It is noteworthy that most of the "Dehalococcoides" clones obtained in this study formed phylogenetic clusters different from those of typical "Dehalococcoides" strains, such as "D. ethenogenes" strain 195 and "Dehalococcoides" sp. strain CBDB1. This fact suggests the possibility that members of the "Dehalococcoides" group more diverse than those described so far exist and play roles in the dechlorination of PCDD/Fs in the environment. In addition, since dehalorespiration is a widespread property among different phyla of bacteria (31, 40, 41, 53) , there is a need to elucidate whether bacteria belonging to phyla other than Chloroflexi are involved in the dechlorination of PCDD/Fs.
In summary, anaerobic bacteria capable of reductive dechlorination of PCDD/Fs and aerobic bacteria oxidizing the dechlorinated products with aromatic hydrocarbon dioxygenases probably coexist under certain PCDD/F-dechlorinating conditions, as described here. As already pointed out (35) , understanding how to create environmental conditions that allow such a coexistence of the different physiological groups of bacteria may be important in order to facilitate the apparently complete dechlorination of PCDD/Fs for bioremediation purposes.
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